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Tropical cyclones in the Atlantic basin often undergo a process called
extratropical transition (ET) and transform from warm-core to cold-core systems while
retaining strong winds, heavy rainfall, and large ocean waves.
Infrared satellite imagery from channels 2 and 4 of the Geostationary Operational
Environmental Satellite (GOES) were used to examine key structural changes, synoptic
interactions, and loss of deep centered convection in order to determine onset and
completion of ET. The primary indicator for ET onset in 75% of cases was found to be a
persistent increase in storm asymmetry along with the appearance of warm frontogenesis
in its northern region. Cold frontogenesis in the southern portion of the storm was the
secondary indicator for declaring onset of ET. Completion of ET was marked by the loss
of centered deep convection for all cases. The average ET transition time was 18 hours
for 60% of the cases.
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CHAPTER 1
INTRODUCTION
Tropical cyclones that make landfall in the northern Atlantic and Pacific Ocean
basins often undergo a process called extratropical transition (ET). ET is best described
as the transformation of a tropical cyclone (a warm-core, axisymmetric, barotropic
system) into a cyclone with extratropical characteristics of a baroclinic nature.
Extratropical transition can occur as a tropical cyclone moves into higher latitudes with
areas of strong wind shear, or through interaction between the tropical cyclone and a
baroclinic zone or existing low pressure system (Palmén, 1958; Foley and Hanstrum,
1994; Klein et al., 2000; Hart and Evans, 2001). For tropical cyclones transitioning in the
North Atlantic, the mean tropical cyclone’s ET will normally initiate due to the approach
of a positively tilted trough interacting with the cyclone (Hart et al., 2006).
During the extratropical transition process, tropical cyclones will exhibit changes
in thermal and dynamic structure, symmetry, and cloud features. The majority of tropical
cyclones will take 18.4 hours to complete transition, while a few less common cases can
take several days (Evans and Hart, 2003). Tropical cyclones undergoing ET, both during
and after transition, can extend tropical strength conditions northward into higher
latitudes (Hart and Evans, 2001). Once the transition is complete, the storm will be
similar in structure to that of an extratropical cyclone, and will often possess frontal
boundaries. The systems tend to differ from typical extratropical cyclones because of
1

their variance in both the translational speed and the weather events associated with the
systems. They also have the ability to cause an increase in the baroclinity of an area, as
seen with Hurricane Hazel in 1954 (Palmen, 1958).
The process of extratropical transition can prolong severe weather conditions such
as strong winds, large areas of heavy rainfall, and large ocean waves generally associated
with tropical cyclones. During transition, changes in the thermal profile of the storm
occur as it transitions from a warm-core system to a cold-core system and moves into
baroclinic environments at higher latitudes, thereby changing the system’s thermal wind
profile. The ever-increasing asymmetric thermal wind profile changes the distribution of
the wind and rainfall associated with the transitioning storm (Evans and Hart, 2003).
Winds will generally be weaker than that of the original tropical storm, but extend over a
much larger area (DiMego and Bosart, 1982a, b; Foley and Hanstrum, 1994; Harr and
Elsberry, 2000; Thorncroft and Jones, 2000; Hart and Evans, 2002). The expansion of the
wind field was studied in depth by Evans and Hart (2005). The study showed an increase
in the horizontal wind field first occurring at outer radii of the tropical cyclone due to
interaction with the baroclinic environment surrounding the system. The expanded
horizontal wind field then moves toward the inner radii of the tropical cyclone as ET
occurs (Evans and Hart, 2005).
Considerable areas of heavy rainfall are typical and also occur over an expanded
area around the transitioned cyclone (Bosart and Dean, 1991; Harr and Elsberry, 2000;
Atallah, 2001; Bosart et al., 2001; Jones et al., 2003). Strong ocean waves that are 50% to
100% larger than waves associated with typical marine weather are also a prominent
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feature of transitioned storms. They are caused by strong winds and the forward
movement of transitioned cyclones (Bowyer and MacAfee, 2005; Jones et al., 2003).
The effects of transitioned tropical cyclones are felt both on land and in maritime
environments and are of great importance to human safety because they can extend the
duration and areal extent of hazardous weather conditions, such as heavy rainfall, strong
winds, and large ocean waves, (Jones et al., 2003). For these reasons, it is important to
have a more thorough knowledge of these transitioning storms to accurately forecast the
movement, speed, and duration of the extratropical transition process. Although there has
been an increased interest in studying and understanding the process of extratropical
transition in recent years, definitions, classification schemes, and detailed outlines of the
ET process are still in their infancy and widely accepted definitions do not exist (Jones et
al., 2003 and Arnott et al., 2004). This is primarily due to the lack of sufficient
observations over the ocean and in the upper levels, which prohibits detailed analysis of
transitioning systems.
One way to expand on the current knowledge of forecasting for extratropical
transition and provide a more thorough understanding of them is to use remote sensing to
analyze the tropical cyclone as it begins to undergo transition. Studying features such as
cloud structure, cloud type, cloud top heights, and the amount of deep convection present
(along with the symmetry of the tropical cyclone undergoing transition) can help augment
and enhance the ability to accurately predict the occurrence and progression of
extratropical transition (Jones et al., 2003). Previous research using remote sensing has
been performed for transitioning tropical cyclones in the Pacific Ocean based on an
outline of general features, such as cloud types, location of areas of intense convection
3

within the storm, and evidence of frontogenesis and dry slots, seen in satellite imagery
(Klein et al., 2000). However, little effort has been made to validate these methods for
storms in the Atlantic Ocean.
The primary objective of this research is to study tropical cyclones undergoing
extratropical transition using meteorological infrared satellite imagery and identify
features common to transitioning systems in the North Atlantic Ocean basin. The results
of the study can be used to identify transitional features during ET of tropical cyclones to
classify onset, transition, and completion of ET over the Atlantic Ocean. The primary
features studied are similar to that of Klein et al. (2000), including but not limited to
cloud type, deep convection (as determined by cloud top heights in infrared imagery),
development of warm and cold frontogenesis as related to the transitioning cyclone’s
interaction with outside synoptic features (preexisting mid-latitude cyclones, fronts, areas
of increased baroclinity, and even the polar jet). Ultimately, features common to many
transitioning cyclones were found and a detailed outline of these features was generated
to aid in the forecasting and understanding of Atlantic extratropical transitioning systems.
This outline will be useful for forecasters and will provide an observational technique to
determine when tropical cyclones begin and complete transition.

4

CHAPTER 2
BACKGROUND
Although extratropical transitions occur in both the Atlantic and Pacific Oceans,
the largest number of tropical cyclones undergoing transition, during a 30-year period
from 1970 to 1999, were found to be in the Atlantic (Hart and Evans, 2001). Justification
for this was provided by Hart et al. (2006) using the cyclone phase space method (CPS),
which will be described in further detail below. Using CPS to analyze tropical cyclones
undergoing ET from the years of 1998 to 2002, it was found that tropical cyclones
reached their strongest intensity 24 hours before commencement of ET. Generally,
tropical cyclones in the Atlantic take several days to dissipate, while it only takes an
average of 24 hours for the maximum intensity cyclone to reach the area of baroclinity
favorable for ET (Hart and Evans, 2001). In comparison, tropical cyclones forming in the
Southern Hemisphere have been found to reach peak intensity several days before
beginning extratropical transition, making the process of ET, or “capturing of cyclones”
as referred to in Foley and Hanstrum (1994), more difficult and therefore much less
common.
There also tends to be a more meridional influenced flow regime in the Northern
Hemisphere, compared to a more zonal environment in the Southern Hemisphere,
providing the appropriate similarity in scale between the approaching trough and the
existing tropical cyclone that is more likely to cause ET to begin (Molinari et al., 1995).
5

According to Hart and Evans (2001), 45% of all tropical cyclones within the 1970-1999
period underwent extratropical transition, with the majority occurring during the months
of September and October. There was also a correlation between the latitude where
transition began and the time of year it took place. Extratropical transition typically
occurred between 30°N and 35°N during June and July, and 40°N to 45°N during
September and October. In September and October, the location of transition moves
northward due to a lag in ocean heating that causes the area of tropical cyclone
development to be displaced northward allowing the cyclone to reach the baroclinic zone
before it begins to decay. During June and July, the areas of suitable baroclinity and
tropical cyclone development are separated by 5° latitude; therefore, these months are not
suitable to transition because the cyclone has begun decay and is too weak to undergo
transition. During August and the remainder of the season, transition once again becomes
prevalent because the region of baroclinity moves southward and closes the gap between
the warm ocean waters and the favorable region for transition (Hart and Evans, 2001).
The main reason for ET initiation of a tropical cyclone was found to be due to
interaction with an approaching positively tilted trough from the west (Hart et al., 2006).
Eddy momentum flux related to the trough has a much more pronounced effect on ET of
the tropical system than that of eddy heat flux (Hart et al., 2006). Other studies have also
shown that the role of preexisting trough interaction with transitioning tropical systems is
a crucial reason for ET (Brand and Guard, 1978; Elsberry, 1995; Harr and Elsberry,
2000; Hanley et al., 2001; Hart and Evans, 2001, 2003). The size comparison of the
trough to the transitioning storm systems and the tilt (positive or negative) plays a crucial
role in ET; however, determining whether or not the trough (and associated synoptic
6

environment) will act to initiate ET or act conversely to cause the tropical systems to
deteriorate is still undetermined (Hart et al., 2006). For tropical cyclones moving into
cooler sea surface temperatures (SST), the influence of SST has also been shown to
contribute to or cause extratropical transition (Evans and Prater-Mayes 2004; Hart et al.
2006). Transition will occur more rapidly with SST several degrees below 27°C, a more
meridionally influenced synoptic environment, and with a weaker, smaller tropical
cyclone. ET will take longer and extend the ET phase of the tropical cyclone if the SST
are closer but not above 27°C, a more zonal synoptic environment is present, and the
tropical cyclone is stronger and larger allowing it to maintain its tropical signature longer
(Hart et al., 2006).
Many of these storms were found to intensify again after transition and cause
damaging effects in regions along the East Coast not normally affected by tropical
cyclones. The main factors determining whether or not a transitioned tropical cyclone
will intensify are (1) the strength of the original cyclone and (2) the amount of time
between an area supportive of tropical cyclones and regions of favorable baroclinity.
Weaker storms require a smaller spatial range between these zones than do stronger
storms (Hart and Evans, 2001). The longer the duration of tropical storms the more likely
they are to survive long enough to interact with horizontal thermal gradients and stronger
wind shear, which are associated with baroclinic regions in the mid-latitudes (Evans and
Hart, 2003).

7

2.1

Extratropical Transition Classification Schemes – Klein et al. (2000)
The first attempt to classify extratropical transitioning storms led to the definition

of two main classifications: complex and compound (Matano and Sekioka, 1971).
Complex transitions involve tropical storms interacting with a mid-latitude front or
trough that cause the formation of extratropical cyclones. Compound transitions are
defined as tropical cyclones that combine with a preexisting mid-latitude cyclone. In
1978, a third type of classification was defined for tropical cyclones that transitioned
either through interaction with a mid-latitude feature, such as a front or preexisting low,
or by moving into lower sea surface temperatures and then simply decaying (Brand and
Guard, 1978).
A more detailed classification was outlined by Klein et al. (2000). Using 30 cases
of extratropical transition in the northwestern Pacific, a three-step conceptual model of
the transformation stage was formed. Within the three-stage model, there are two main
time periods identified: (1) transformation, which includes stage one and two, and (2) reintensification, or stage three. More information regarding this model is given below. The
conceptual model is a more advantageous tool for forecasters because it provides a three
dimensional depiction of transformation. It also utilizes satellite imagery to allow for
better understanding of a transitioning storm’s appearance and the physical changes that
occur. Infrared (IR) satellite imagery was determined to be a useful tool for transition
analysis and provides a clear depiction of key physical changes occurring during
transformation (Klein, 1997).
Initiation of extratropical transition begins as the tropical cyclone moves into the
mid-latitudes (between 30°N and 45°N) and encounters either stronger vertical and
8

horizontal wind shears or notably cooler sea-surface temperatures. If an upper-level
trough is present upstream of the tropical cyclone it can interact with the strong
horizontal thermal gradients and stronger upper-level wind shear associated with the
upper-level trough, causing extratropical transition to begin (Klein et al., 2000; Evans and
Hart, 2003).
Stage one of the Klein et al. (2000) conceptual model describes the period just
after commencement of extratropical transition. It is marked by an asymmetric
appearance of the tropical cyclone in cloud features and the intrusion of a dry slot in the
southwestern quadrant in IR satellite imagery. Deep convection and rainfall found in the
inner, western portion of the tropical cyclone begins to decrease. The formation of the dry
slot and loss of convection is attributed to cold, dry air, located west of the tropical
cyclone, flowing equatorward on the left side of the storm. This air gains heat and
moisture as it interacts with the tropical storm, or if transition occurs over water, the
warmer sea surface, and forms open-cell cumulus clouds to the west of the tropical
cyclone. On the eastern side of the tropical cyclone, warm, tropical air continues to move
poleward sustaining deep convection and rainfall on the southeastern and eastern side of
the storm. As this air stream turns cyclonically around the center of rotation of the storm
and ascends to the upper-levels, it interacts with the polar jet and forms a cirrus shield to
the north of the cyclone.
In stage two, asymmetry continues to develop as the two separate flow regimes
continue. The dry slot in the southern region of the storm increases. The warm, moist air
flow on the east of the storm continues to turn cyclonically around the center of low
pressure, leading to the formation of narrow cloud bands with considerable convection
9

extending from the northwest side of the storm. These cloud bands continue poleward
until they interact with cold, dry air that hinders convection. A more pronounced cirrus
shield with sharp edges is observed extending from the north quadrant of the storm to the
east. The mid-level westerlies also begin to interact with the cyclone, advecting warm,
moist air in the upper-levels of the cyclone’s inner core downstream while strong
convection is maintained around the center of low pressure (Klein et al., 2000).
When stage three commences, the tropical cyclone is located fully within the
baroclinic zone. Deep convection has ceased completely in the southern portion of the
storm, but can still be seen in the northern and western quadrant. The eye wall of the
storm has also been eroded and is now marked by dry slots due to the continued intrusion
of cold, dry, descending air on the west of the storm. Mid-level westerlies cause further
advection of the warm core of the cyclone and lead to only a vague appearance of a warm
core. Evidence of warm frontogenesis can be seen in the north and northeastern portions
of the storm, with a large region of multilayer clouds and weak cold frontogenesis
extending southward in the form of a relatively thin cloud band. The tropical cyclone has
now completed transition at this point and its characteristics and features are similar to
that of a mid-latitude cyclone (Klein et al., 2000). A schematic of the Klein et al. (2000)
conceptual model is shown in Figure 1.
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Figure 1
Schematic of conceptual model of transformation stage of ET in the Western North
Pacific (Klein et al., 2000).
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A general timeline of cyclone transition was presented by Klein et al. (2000).
Transformation occurred over a period of 46 hours, with stage one beginning at zero
hours and stage two taking place at 30 hours, while re-intensification and stage three
began at 46 hours and ended at 81 hours. Three types of re-intensification (weak,
moderate, and deep) were defined. The corresponding Sea level pressure (SLP) values for
tropical cyclones in stage one of transition and re-intensification were also described.
Tropical cyclones in stage one of transition had a SLP value of 932 mb to 982 mb. Stage
two transitioning storm systems had a SLP between 958 mb to 994 mb, while stage three
had SLP values of 986 mb to 1000 mb. Weak, moderate, and deep re-intensification
corresponded to SLP values of 1000 mb or greater, 984 mb to 994 mb, and 964 mb to 976
mb, respectively (Klein et al., 2000).
There were no objective, quantitative definitions for ET commencement and
completion for Klein et al.’s (2000) ET classification scheme; however, it does prove
very useful in operational forecasting techniques (Arnott et al., 2004).

2.2

Extratropical Transition Classification Schemes – Evans and Hart (2003)
Evans and Hart (2003) proposed an alternative definition for the extratropical

transition process called cyclone phase space (CPS) to provide an objective indicator of
onset and completion of ET. The life cycle of tropical cyclones in the Atlantic Ocean
undergoing extratropical transition was described by studying changes in symmetry and
the thermal field of the system in the lower and upper troposphere (900 mb to 600 mb
and 600 mb to 300 mb, respectively) (Evans and Hart, 2003).

12

The life cycle begins with a typical tropical cyclone with warm-core, symmetric
thermal wind and thickness gradients. When the tropical cyclone moves poleward into
baroclinic zones and the flow of cold, dry air on the left side and warm, moist air on the
right side of the cyclone begins, an asymmetric appearance in the thickness fields of the
cyclone was observed. Equation 1 below is used to compute the amount of asymmetry
present and determine whether transition has begun. The difference in thickness (Z)
between the left and right sides of the cyclone determines the amount of asymmetry (B)
present. A value of B>10 m indicates that transition has commenced. Storm symmetry is
determined by:

[(

B = h Z 600 − Z 900

)

R

− (Z 600 − Z 900 )L

]

(1)

where:
Z600

=

thickness in meters of the atmosphere at 600 mb.

Z900

=

thickness in meters of the atmosphere at 900 mb.

h

=

indicator for which hemisphere the storm is located in (h is a value
of 1 for the Northern Hemisphere and -1 for the Southern
Hemisphere).

To determine when completion of extratropical transition is complete, the cyclone
must have a cold-core structure. This is done by determining its thermal wind measure (VLT or -VUT) through comparison of the storm’s isobaric height gradient (Z) from the
center of the cyclone extending to a 500 km radius to its geostrophic wind magnitude at
the lower levels of the troposphere (900 mb to 600 mb) and upper levels of the
troposphere (600 mb to 300 mb). Warm-core systems will have a decrease in isobaric
height gradients with height. Using this relationship and Equation 2 and 3 below, the
13

completion of extratropical transition can be determined. When transition is complete the
tropical cyclone will be a fully cold-core system and the value of -VLT will be positive
(Evans and Hart, 2003). The thermal wind measure for the lower level of the troposphere
is determined by:

∂ (Z MAX − Z MIN )
∂ ln p

600 mb
900 mb

= −VTL

(2)

where:
Zmax =

maximum isobaric height within a 500km radius of the center of
the storm system.

Zmin =

minimum isobaric height within a 500km radius of the center of
the storm system.

p

=

pressure at the lower levels of the troposphere from 900 mb to
600 mb.

Similarly, the thermal wind measure for the upper troposphere levels is calculated
using:
∂ (Z MAX − Z MIN )
∂ ln p

300 mb
600 mb

= −VTU

(3)

where:
p

=

pressure at the mid-levels of the troposphere from 600 mb to
300 mb.

To define the life cycle of the cyclone and determine commencement and
completion of ET, both symmetry (B) and the thermal wind profiles (-VLT and -VUT) are
used to create a trajectory and an overview of structural change occurring during
transition development. The intensity of the storm, determined by its minimum central
14

pressure, is also represented in the trajectory. Weak storms correspond to a value of
>1010 mb, while strong systems correspond to a value of <970 mb (Evans and Hart,
2003).
The beginning of the ET process (TB) is defined by CPS when δB > 10, indicating
a highly asymmetric cyclone with frontal characteristics. The tropical system is shown to
have completed transition (TE) when a cold-core structure is obtained, as determined by
calculating negative values of -VLT or -VUT. If the cyclone is still exhibiting warm-core
features, either one or both of -VLT or -VUT will be positive.
The average duration of transitioning Atlantic tropical cyclones was around 36
hours; however, this average did include some anomalous cyclones that underwent
transition in open water without the presence of strong baroclinity, taking four or more
days to complete transition. When these cases were removed, the time of transition was
found to be between 12 and 18.4 hours (Evans and Hart, 2003).
Jones et al. (2003) suggested the subjective satellite observation and the
transformation conceptual model of ET presented by Klein et al. (2000) be combined
with the CPS method proposed by Evans and Hart (2003) to provide a more thorough
outline of the extratropical transition process. Commencement would be defined as TB
when a value of when δB > 10 is achieved by the tropical system and then using the
Klein et al. (2000) conceptual model to describe the process of transition, a stage Jones et
al. (2003) suggests be called transforming, until completion of ET (TE) when negative
values of -VLT or -VUT are achieved.
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2.3

Extratropical Classification Schemes – Arnott et al. (2004)
To provide further objective data and confirmation of the validity of the CPS

method as a classification scheme of the life cycle of tropical cyclones undergoing ET,
Arnott et al. (2004) employed a non-hierarchical cluster analysis technique using the
framework of CPS and analysis from the U.S. Navy Operational Global Atmospheric
Prediction System (NOGAPS) and National Centers for Environmental Prediction
Aviation Model (AVN). Nineteen transitioning storm systems were studied throughout
their lifecycle for the period of 1998 to 2002 for a total of 388 CPS data points. Cluster
analysis (CA) is necessary because of the large area of tropical cyclone development and
extratropical transition in the Atlantic Ocean. CA allows for the grouping of similar data
points by maximizing the similarity of data points within the cluster and minimizing the
similarity between clusters.
Non-hierarchical CA was determined to be the most effective way of grouping
clusters because hierarchical CA led to insufficient data points, with one cluster
containing 72% of the data points while all other clusters contained fewer points than that
of the original dataset of 19 cyclones. Non-hierarchical CA utilizes artificial seed points
placed at random in the original data set. These serve as the initial cluster centroids with
all other data points grouping towards the closest seed point. The artificial seed points are
then removed and the cluster centroids are recalculated. Using the iteration process, data
points are again assigned to the new centroids to calculate the distance function
minimization (d12) using equation 4:

{

[(

d12 = (B2 − B1 ) + − VTL
2

) − (− V ) ] + [(− V ) − (− V ) ] }
2

2
L
T 1

where:
16

U
T 2

2
U
T 1

(4)

B

=

measure of storm asymmetry.

(-VLT) =

thermal wind measure at the lower levels of the troposphere
(900 mb to 600 mb).

(-VUT) =

thermal wind measure at the upper levels of the troposphere
(600 mb to 300 mb).

Each CPS parameter being used (B, -VLT, and -VUT) must be of the same
magnitude in order to account for variations of CPS from cluster to cluster. B was found
to be an order of magnitude smaller than that of -VLT and -VUT; therefore, normalization
was required using equation 5:
X i ,norm =

Xi − X

(

1 n
∑ Xi − X
n − 1 i =1

(5)

)

2

where:

n

=

number of data points (388).

X

=

mean value of a particular CPS parameter (B, -VLT, or -VUT).

To determine the number of clusters within the non-hierarchical method a kmeans algorithm (Hartigan and Wong, 1979) was applied to the cyclone phases of the 19
original cyclones. Seven clusters, corresponding to stages of tropical cyclone
development as seen by change in structure, were reasoned to be a sufficient number of
clusters for accurate analysis. The determination of seven clusters offer evidence that
more stages of development beside the currently expected three-stage classification
system (tropical cyclone, extratropical cyclone, and subtropical system) might be needed
(Arnott et al., 2004).
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Composites using NOGAPS analysis fields, including height, temperature, u, v,
etc., corresponding to the appropriate cluster, or stage of development, was used to create
a synoptic climatology for extratropical transition in the North Atlantic. The mean
cyclone position (latitude and longitude) and a mean observation time for all members in
the observation group was then considered and applied to the composite grid (Arnott et
al., 2004).
Each cluster was found to correspond to a different stage of the development and
transition of the mean tropical cyclone. These stages were then compared to the archived
National Hurricane Center (NHC) classification of the same cyclones. Clusters one
through three correspond to tropical systems, four and seven indicate transitioning and
hybrid storm systems (storms undergoing ET), respectively, and five and six correspond
to extratropical systems. Clusters one through three show storms that are increasing in
intensification and have low values of B indicating symmetrical storm systems and
increasing thermal wind gradient values, -VLT and -VUT which indicates warm-core
systems.
Clusters four and seven, representing transitioning or hybrid systems, have much
larger values of B than one through three indicating asymmetrical systems. Cluster four
shows evidence of a warm core in the lower troposphere (positive values of -VLT) and a
cold core aloft (negative values of -VUT), indicating that cold air is intruding aloft. CPS
mean path analysis shows that Cluster four can be associated with Klein et al.’s (2000)
transformation stage (Arnott et al., 2004). Cluster seven was found to represent a special
case of transitioning or hybrid systems because of its highly asymmetric, frontal nature
and strong influence from thermal gradients. 90% of tropical cyclones in this category are
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classified as an extratropical system by the NHC which is consistent with the mean CPS
values found in this category (Arnott et al., 2004).
Cluster four provides further insight into the current classification system used by
the NHC. Currently, the NHC classifies tropical cyclones as either tropical or
extratropical with no category available to describe transitioning systems. Clusters one
through three are primarily categorized as tropical and clusters five through seven as
extratropical, while cluster four mostly includes tropical storm, category one, and
extratropical categories. The statistical results from cluster four through CA analysis
using the framework of CPS show that, perhaps, a third category called transforming,
which was proposed by Jones et al. (2003), is needed. Adding further validation for the
need of a transforming category is the fact that 84% of the 19 cyclones studied were
found to move through cluster four during their life cycle, as seen in the mean path taken
by the 19 cyclones through the CPS framework. Therefore, cluster four must be
considered an important step in the ET process (Arnott et al., 2004).
Arnott et al. (2004) related clusters two through seven to the synoptic
environment surrounding the mean storm systems in each cluster using a composite of
500-mb heights and sea level pressure. Cluster one was not included because it contains
both tropical cyclones that have yet to undergo ET or have already completed ET. In
cluster two, a tropical cyclone is located to the east of an approaching upper-level
positively tilted trough. The cyclone is still seen as separate from the trough and
predominant westerlies in the mid-latitudes. Cluster three shows a deeper low-pressure
tropical system that is now interacting with the westerlies and beginning to curve toward
the northern latitudes. By the time the cyclone has reached cluster four, the system does
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not resemble that of cluster two or three and is indicating signs of weakening. The
cyclone is now embedded within the westerlies and most (87.5%) storms that entered
cluster four have completed recurvature. It is also experiencing a loss in symmetry as
seen in the 500-mb height levels bending to the northwest, as the trough is located only a
few degrees to the west of the transitioning tropical system. There is also evidence of
cold air intrusion in upper levels of the system. When ET is complete, the cyclone has
now moved into cluster five and is now merged with the trough, which has now become
negatively tilted. For cluster six, the cyclone is now in a zonally influenced region and to
the northwest of a subtropical ridge. There is a negatively tilted trough located to the
north of the cyclone, as well. The system continues to weaken as the surface low pressure
is spread over a larger area. Finally, as the cyclone enters cluster seven, a similar synoptic
environment to that of cluster five. The cyclone is still to northwest of the subtropical
ridge but is once again embedded within the upper-level trough. The main difference seen
between five and seven is that in seven the cyclone has a 10 mb lower pressure than that
of five and the upper-level trough more closely matches the size scale of the tropical
cyclone’s remnant surface low pressure.
The results and conclusions of Arnott et al. (2004) cluster analysis using CPS also
adds further validity to the definitions for onset (TB) and completion (TE) for the ET
process proposed by Evans and Hart (2003).

2.4

Current ET Classification utilizing Numerical Modeling
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Although there have been advances in the classification and physical
understanding of the characteristics of transitioning systems, attempts to model these
occurrences have not been as successful (McTaggart-Cowan et al., 2001; Ma et al.,
2003). To date, numerical modeling of transitioning tropical systems has failed to
produce accurate results. This is primarily due to the fact that the strength, development,
and progression of tropical cyclones undergoing extratropical transition are extremely
difficult for numerical models to handle, and tracking and intensity errors are often
amplified for transitioning tropical systems (Klein et al., 2000; Jones et al., 2003).
Numerical models are designed to achieve the detailed resolution required to accurately
model the complexity of internal tropical cyclone features, or as global models to
accurately depict mid-latitude circulation patterns. Neither type of model is able to
accurately model ET because tropical cyclones undergoing ET have characteristics of
tropical cyclones, but also interact with mid-latitude circulation patterns. The uncertainty
and lack of initial conditions is also suspected to be a contributing factor (Jones et al.,
2003).
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CHAPTER 3
DATA AND METHODOLOGY
3.1

Research Area
The area of study encompassed portions of the Atlantic basin and eastern portions

of the United States. The area of study was set by both the boundary of where and when
extratropical transition occurs and the available range of GOES-East (Geostationary
Operational Environmental Satellite) imagery. Therefore, all tropical cyclones
undergoing and completing transition between the range of 15°N to 50°N latitude and
100°W to 20°W longitude were considered. Extratropical transition typically occurs
between 25°N and 45°N latitude, so satellite imagery provides a full depiction of the
event. If a transitioning storm system did not fully complete transition before reaching
50°N latitude, the tropical cyclone was not included in the analysis due to distortion
above that latitude in GOES-East imagery. Also, if the transition did not take place within
the range of longitude available through GOES-East it was removed from the study.

3.2

Research Period
The research period included hurricane seasons 2000 to 2007. This ensured that a

valid sample of extratropical transitioning systems (based on what month the storms
underwent transition, the location of the extratropical transition event, and the intensity of
the storms before and after extratropical transition) was available for study. The research
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period was also set by the availability GOES-East imager data, which was determined
using the National Oceanic and Atmospheric Administration (NOAA) Satellite and
Information System’s Office of Satellite Operations’ GOES status summary report
(NOAA, 2009c). Comprehensive and reliable data were available from operational
satellites GOES 8 and GOES 12 for the period of study from the beginning of hurricane
season June 2000 through December 2007. During this period, 50 cases of extratropical
transition occurred.

3.3

Selection of Cases
The National Hurricane Center’s (NHC) archive of hurricane seasons, Tropical

Cyclone Reports (formerly known as Preliminary Reports), and the past track data for all
tropical systems in the Atlantic, Caribbean, and the Gulf of Mexico from 2000 to 2007
were used to determine which hurricanes underwent transition and were suitable for study
(NHC, 2009). The research period of 2000 to 2007 was chosen because during this time
period 50 events of extratropical transition were reported. For this period, reliable GOES
satellite data were available to use for analysis of the transitioning storms.
Two out of the 50 cases of ET during the time period of 2000 to 2007, Hurricane
Gordon (2006) and Tropical Storm Chantal (2007), were disqualified from the study
because they did not fully complete transition within the acceptable latitude and longitude
ranges of the available satellite data. Tropical Storm Josephine (2002) was excluded due
to lack of data because GOES 8 was suspended to allow for GOES 10 testing. Hurricane
Gustav (2002) was also removed owing to a lack of satellite data because routine GOES
8 operations were suspended for a solar eclipse at crucial time periods during the storm’s
23

extratropical transition. Finally, Hurricane Gabrielle (2001) was excluded because of its
rare and extraordinarily long period of transition of several days. Its time of transition
was substantially greater than the majority of tropical cyclones that take between 12 and
18.4 hours to transition (Evans and Hart, 2003).
To allow for a thorough, in-depth analysis of the extratropical transition process
of storms during the 2000 to 2007 time period, a random, unbiased sample was taken
from the remaining ET events to narrow down the number of cases to be studied. The
sample was selected by randomly choosing 20 events from the 45 total named storms that
underwent ET. The events included in the random sample are shown in Table 1.
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Table 1
Extratropical transition cases included in the analysis.

Year
2000
2001
2002
2003

2004

2005

2006

2007

Transitioning Tropical
Cyclone

Time of Transition

Hurricane Gordon
Hurricane Isaac
Hurricane Michelle
Hurricane Noel
Tropical Storm Aurthur
Hurricane Isidore
Tropical Storm Bill
Hurricane Isabel
Tropical Storm Odette
Hurricane Charley
Hurricane Frances
Tropical Storm Matthew
Tropical Storm Franklin
Hurricane Katrina
Hurricane Wilma
Tropical Storm Alberto
Tropical Storm Beryl
Hurricane Florence
Tropical Storm Barry
Hurricane Noel

16 Sep - 19 Sep
16 Sep - 19 Sep
03 Nov - 07 Nov
04 Nov - 07 Nov

14 Jul - 17 Jul
25 Sep - 28 Sep
30 Jun - 03 Jul
25 Sep - 28 Sep
05 Dec - 08 Dec
12 Aug - 16 Aug
25 Sep - 28 Sep
08 Oct - 12 Oct
27 Jul - 31 Jul
28 Aug - 01 Sep
23 Oct - 27 Oct
12 Jun - 15 Jun
19 Jul - 22 Jul
10 Sep - 14 Sep
31 May - 04 Jun
31 Oct - 04 Nov

The archive of hurricane seasons (NHC, 2009) provided detailed information for
individual hurricanes from each season of study, including synoptic features of each
hurricane, post-analysis best track data, and a timeline that provided the location, stage
classification, and corresponding intensities. This information was used to identify if and
when transition began and ended. It also identified specific synoptic features present
when extratropical transition took place.
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The Tropical Cyclone Reports for Atlantic hurricane seasons (NHC, 2009)
provided tropical cyclone statistics, including classification, dates, maximum wind speed,
minimum sea level pressure, and a detailed overview of the synoptic environment
surrounding the individual tropical systems. The meteorological statistics, storm
summaries, and synoptic features associated with each storm provided further
information on which storms underwent transition.
The past track data for Atlantic tropical cyclones (NHC, 2009) also provided a
visual representation of storm tracks and the location where transitioning storms
completed extratropical transition and became classified as extratropical. Only hurricanes
that began and fully completed transition were included in the study. If a storm began
transition but never became classified as extratropical by the NHC it was excluded from
the study.

3.4

Satellite Imagery
GOES Satellite Data-Imagery was obtained from the Space Science and

Engineering Center (SSEC), University of Wisconsin-Madison, utilizing their satellite
inventory browser (SSEC, 2009). The satellite inventory browser was used to download
available imager data from channels 2 and 4 for each transitioning tropical cyclone.
Satellite coverage was limited to the Northern Hemisphere. Imagery was obtained from
GOES-8 and GOES-12 from the period of June, 2000 to December, 2007. Images were
acquired for 60 hours, 48 hours, 36 hours, and 24 hours before the storm was classified as
extratropical by the NHC. Images were then collected every 6 hours beginning 24 hours
before the system was classified as extratropical until 12 hours after extratropical
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classification. This time period allowed for a complete and thorough analysis of each
transitioning storm’s change in structure and physical features as depicted in infrared
satellite imagery from its tropical origins to its extratropical ending.
For storms transitioning between the time periods of June, 2000 to May, 2003,
GOES-8 imagery was utilized because GOES-8 was the operational satellite used during
that time period. Images were obtained from channels 2 and 4. Channel 2 provides
shortwave infrared imagery and has a wavelength range of 3.78 µm to 4.03 µm with a
resolution of 4.0 km. Longwave infrared imagery was obtained from channel 4. Channel
4 has a wavelength range of 10.20 µm to 11.20 µm with a resolution of 4.0 km (Ellrod et
al., 1998).
For storms undergoing transition from June, 2003 to December, 2007, imagery
from GOES-12 was used because GOES-12 became the operational satellite in May 1,
2003 and GOES-8 was decommissioned. Images from channel 2 and 4 of the GOES-12 5
channel I-M Imager were acquired. Shortwave infrared imagery from channel 2 was
used, which had a wavelength ranging from 3.80 µm to 4.00 µm with a resolution of 4.0
km. Channel 4 provides longwave infrared imagery and has a wavelength range of 10.20
µm to 11.20 µm with a resolution of 4.0 km. Additional GOES imager instrument
specifications can be obtained from NOAA (2009a).
The use of both channel 2 and 4 images was required to study transitioning
tropical cyclones. Channel 2 images were useful for analysis of tropical cyclones that had
become strongly sheared due to the wavelength of channel 2’s ability to observe low
level cloud features that are difficult to observe with channel 4 imagery alone. Channel 4
images were used to determine areas of deep convection, areas of increasing or
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decreasing convection, and areas lacking deep convection, based on brightness values.
Channel 4’s wavelength does not absorb radiation from atmospheric gases and allows one
to observe the actual temperature of cloud tops and, therefore, cloud top heights. It was
also used to identify cloud types and cloud features. Channel 2 and 4 image data were
available both day and night which allowed for a comprehensive analysis and provided
consistent image data during the entire time period of extratropical transition for each
storm (NOAA, 2009b).
Visible satellite imagery was not included in the study because thorough and
complete data for the entire extratropical transition process would be impractical due to
the lack of images at night. Crucial observations would be missed because the
comprehensive analysis of extratropical transition requires recognition of changes in
structure, cloud types, and convection every 6 hours. Also, the period of transition
between onset and completion of ET is, on average, 18.4 hours (Evans and Hart, 2003).
Therefore, visible image data would often not be available for timely recognition and
declaration of onset and completion of ET.

3.5

Satellite Imagery Format
Each satellite image obtained using the Space Science and Engineering Center

(SSEC), University of Wisconsin-Madison satellite inventory browser was formatted
using an identical procedure to ensure that there was a consistent analysis of each event.
A latitude and longitude grid was overlaid on the images to provide a reference for the
location of the storm during its transition.
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The tropical cyclones were then segmented into quadrants. The center of each
quadrant was determined using the National Hurricane Center’s best track position, given
in latitude and longitude coordinates, for each satellite image’s corresponding time. Once
the center of the storm was located, it was bisected into east and west sections by drawing
a line that was oriented in the south to north direction through the center of the storm.
The storm was also bisected into north and south sections by drawing a line that was
oriented in the west to east direction through the center of the storm. Each of the
bisecting lines was drawn to encompass the entirety of the storm system at each time
period. The combination of the two bisecting lines sectioned the storm into four
quadrants with quadrant I being the northeast section, quadrant II being the southeast
section, quadrant III being the southwest section, and quadrant IV being the northwest
section of the storm.
Finally, an inner region and outer region for each transition storm was determined
based on cloud patterns relative to the center of each system. The inner region of the
storm was referred to as the center location determined by the NHC’s best track data
center location and includes the eye and eye wall, if present, and extends to the outer
edge of the central area of deep convection or the most central organized cloud mass. If
an eye, eye wall, or deep central area of convection is not present, then the inner region
refers to the central region lacking deep convection and extends out to the next closest
cloud mass or region of organized convection.
The outer region was referred to as the second closest region of deep convection
or organized cloud mass located outside of the inner region of deep convection closest to
the eye and eye wall. If the inner region was lacking deep convection, whether it was an
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area of deep convection or an organized cloud mass, then the outer region was referred to
as the closest cloud mass or region of organized convection surrounding the center
location of the storm.

3.6

Terminology Used
A consistent and comprehensive list of terminology was used when referencing

each storm’s structure and the cloud features, cloud types, and convection to ensure that
the analysis of transitioning cyclones in the study were comparable to each other.
A storm was referred to as symmetric about the latitudinal axis when its areal
extent was roughly equidistant on both sides when bisected with a latitudinal line, and
symmetric about the longitudinal axis when its areal extent was roughly equidistant on
both sides when bisected with a longitudinal line. If the areal extent of the system was not
equidistant about the latitudinal axis or the longitudinal axis, it was defined as
asymmetric about the latitudinal axis or asymmetric about the longitudinal axis,
respectively. If the difference between the areal extents of the storm increased on one
side versus the other with regards to either the latitudinal bisecting line or the longitudinal
bisecting line, the storm was considered to be exhibiting increasing latitudinal asymmetry
or longitudinal asymmetry, respectively.
The following terms, based on Conway (1997), were used to describe cloud types
that were seen when analyzing cases of extratropical transition. All cloud types, were
referred to as appearing in Quadrant I through IV, the inner region, or the outer region, or
in a combination of those thereof:
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•

Cloud shield: A broad cloud pattern that is no more than four times as long in
one direction as it is wide in the other direction.

•

Cloud band: A nearly continuous cloud formation with a distinct long axis; the
ratio of length is at least 4 to 1.

•

Cloud line: A narrow cloud band in which the individual cloud cells are
connected and the line width is less than 1° of latitude.

•

Cloud element: A cloud element is the smallest cloud form that can be
resolved in a satellite image.

Edge definition of cloud types was identified as either ragged or well-defined
based on the Conway (1997) descriptions. Cloud types were also referred to as broken or
continuous linear or rounded about the storm center.
Evidence of cold and warm frontogenesis was used to determine when a tropical
system was in the process of transitioning from a warm-core to cold-core storm system.
The appearance of a cloud band or cloud line or a combination of a cloud band and cloud
lines in quadrants II and/or III was used as an indicator for evidence of cold
frontogenesis. Evidence of warm frontogenesis was defined as the appearance of the
transitioning storm’s primary cloud shield or cloud band into quadrants I and/or IV. In
addition, the cloud shield or cloud band was required to be linear and continuous with a
well-defined top edge to indicate warm frontogenesis (ZAMG, 2009).
Common terminology was used to describe the amount of convection present in
transitioning storms. Brightness values from channel 2 and 4 infrared imagery were used
to determine the amount of convection present, with high brightness values (a white to
very light gray color with corresponding temperature values below -50°C) indicating
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high, cold cloud tops and low brightness values (darker shades of gray with
corresponding temperature values above -50°C) indicating low, warm clouds (Conway,
1997). Therefore, deep convection was referred to as areas of clouds seen in infrared
channel 2 and 4 imagery with white to very light gray coloring and lack of deep
convection was referred to as areas with darker shades of gray. Areas of decreasing
convection were determined by comparing two consecutive images from channel 2 and 4
from a single storm. If an area of deep convection was present, as indicated by white or
light shades of gray, when analyzing the preceding image and then convection appeared
to have weakened at the current time of analysis, as indicated by a change from white to
light or dark shades of gray or light shades of gray to darker shades of gray, then
decreasing convection was said to be present in that particular quadrant and/or region of
the storm. Also, if the preceding image had quadrant or regions lacking deep convection
and the later image showed the appearance of deep convection, then the quadrant and/or
region was said to have increasing convection.
The term elongation, with regards to its extent in a particular cardinal direction,
was also used to describe the structure of the entire storm system and the storm’s cloud
shield or cloud band in quadrant I. Elongation of the entire storm was based on an
increase in longitudinal asymmetry due to the cloud shield or cloud band’s further extent
to the east of the storms center.
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CHAPTER 4
RESULTS
The use of geostationary satellite imagery for analysis of extratropical transition
proved to be very effective and showed similar structural changes and synoptic
interactions between transitioning tropical cyclones and their surrounding baroclinic
environment. The changing structural features and accompanying synoptic features
causing their occurrence served as indicators for determining the potential for ET
commencement and the onset and completion of ET. It also showed a pattern and
consistent timeline of extratropical development that is common to transitioning cyclones
in the Atlantic and Eastern United States.
Indications of structural changes during extratropical transition were observed
using infrared satellite imagery. The tropical cyclones’ changing asymmetry and
convection and the location of cloud shields, cloud bands, cloud lines, and cloud elements
aided in the determination of whether the system was interacting with the surrounding
baroclinic environment, provided insight into when the storms had potential to begin
transition, and when they began and completed extratropical transition. These
observations helped outline the changing inflow and outflow regions of the storm, the
interaction of dry, cold air masses from surrounding synoptic features on the tropical
system, and the interaction of the warm, moist air masses associated with the tropical
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cyclone with its surroundings. They also contributed in locating areas of rising air,
subsidence, warm frontogenesis, and cold frontogenesis.
The deterioration of the eye wall, if an eye wall was present, was one of the first
recognizable features of the potential for extratropical transition to begin. Eye wall
deterioration was caused by cold, dry air west of the tropical storm wrapping around the
storms’ center of circulation (Klein et al, 2000). 75% of tropical cyclones that initially
possessed an eye wall showed eye wall deterioration 48 to 42 hours before completion of
ET, while only 25% experienced eye wall deterioration 30 to 18 hours before.
Increasing latitudinal asymmetry and/or longitudinal asymmetry were also both
important signs for the potential commencement of extratropical transition and the onset
of ET, if there was accompanying evidence of warm frontogenesis. The tropical
cyclone’s increasing asymmetry indicated that the storm was being affected by its
surrounding baroclinic environment (Evans and Hart, 2003). Areas lacking deep
convection in quadrants II and III served as a signal that dry, stable air from the midlatitudes, either from a front, a preexisting mid-latitude weather system, and/or
interaction with a baroclinic zone, had entered the system and led to subsidence (Harr and
Elsberry, 2000). In some cases, subsidence was also seen in the northwest portion of the
storms (quadrant IV).
Increasing longitudinal asymmetry occurred primarily in quadrant I. The storms’
initial cloud shields often evolved into linear cloud bands that were elongated to the east
of the grid center. This indicated that the storms were moving into an area of baroclinity
and that outflow from the storms’ center circulation was being influenced by strong wind
shear and/ or being governed by the location of the polar jet to the north. As the warm,
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moist air from the center of the storm flows outward, it is elongated to the east because of
strong wind shear or because it moves along with the polar jet (Klein et al, 2000).
The formation of a linear, continuous cloud band with a well-defined leading edge
was used to determine the onset of warm frontogenesis. Discernible warm frontogenesis
signaled that rising moist, unstable air on the eastern side of the storm was moving into
the cold and dry, stable air mass north of the storm, leading to warm air advection seen
mainly in quadrant I (Harr and Elsberry, 2000). The combined verification of increased,
persistent latitudinal and/or longitudinal asymmetry and warm frontogenesis served as an
indicator that the systems had begun ET.
Evidence of cold frontogenesis was secondary to that of warm frontogenesis and
does not appear in all transitioning tropical cyclones. If cold frontogenesis occurred, it
was seen by the appearance of a linear cloud band and/or cloud lines in quadrants II
and/or III indicating that the dry, stable air mass to the west of the cyclone was
interacting with the moist, unstable tropical air mass on the eastern side of the storm
leading to convergence and increased, organized convection (Harr and Elsberry, 2000). If
cold frontogenesis was noticed before warm frontogenesis, then increased, persistent
latitudinal and/or longitudinal asymmetry and cold frontogenesis were required to declare
ET onset.
Infrared satellite imagery was also used to study the change in central deep
convection throughout the transitioning tropical systems’ lifecycles. The displacement of
rounded central deep convection to the east and/or northeast of the storm center or the
complete loss of rounded central deep convection during transition was of primary
interest during analysis and determined when a storm completed transition and became
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extratropical. This indicated that a storm had completely transitioned from a warm-core
to cold-core system. The transition of a tropical cyclone from a warm-core system,
governed by vertical temperature gradients and the release of latent heat through
condensation, to a cold-core system that is driven by horizontal temperature gradients and
areas of convergence and divergence indicated that the transitioning tropical cyclone
completed ET (Harr and Elsberry, 2000; Klein et al, 2000; Evans and Hart, 2003).
Table 2 shows the time at which tropical cyclones exhibited warm and cold
frontogenesis. Evidence of warm frontogenesis proved to be the primary indicator for
determination of onset of ET because cold frontogenesis was not present in all
transitioning storms, and if it was, it occurred after warm frontogenesis was detected.
Onset of ET was declared by indications of visible warm frontogenesis and persistent
increase in latitudinal and/or longitudinal asymmetry for 75% of the transitioning storms
studied. Cold frontogenesis served as a secondary indicator for ET onset and only
accounted for ET commencement in 20% of the study events. Only one storm, Hurricane
Noel (2001), did not have discernible evidence of frontogenesis during ET; therefore,
onset of ET could not be determined by the appearance of frontogenesis for 5% of cases.
It did experience a persistent increase in latitudinal and longitudinal asymmetry and loss
of deep central convection during ET.
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Table 2
Warm frontogenesis and cold frontogenesis occurrence in ET given in hours before
completion of ET.
Storm

WF

CF

Hurricane Gordon
Hurricane Isaac
Hurricane Michelle
Hurricane Noel (2001)
Tropical Storm Aurthur
Hurricane Isidore
Tropical Storm Bill
Hurricane Isabel
Tropical Storm Odette
Hurricane Charley
Hurricane Frances
Tropical Storm Matthew
Tropical Storm Franklin
Hurricane Katrina
Hurricane Wilma
Tropical Storm Alberto
Tropical Storm Beryl
Hurricane Florence
Tropical Storm Barry
Hurricane Noel (2007)

18 hrs
18 hrs
18 hrs
n/a
12 hrs
24 hrs
18 hrs
24 hrs
18 hrs
n/a
18 hrs
n/a
12 hrs
18 hrs
18 hrs
24 hrs
24 hrs
18 hrs
n/a
18 hrs

18 hrs
12 hrs
6 hrs
n/a
18 hrs
18 hrs
18 hrs
n/a
n/a
6 hrs
At ET
6 hrs
n/a
n/a
n/a
18 hrs
n/a
n/a
18 hrs
12 hrs

Lack of rounded deep central convection in the inner regions of all quadrants or
the displacement of rounded central deep convection to the east of the storm center was
used to verify completion of ET. Deep, central convection was shown to be most
persistent in quadrants I and IV. In 85% and 70% of the cases of ET studied, deep
convection was present until completion of ET in quadrant I and IV, respectively, while
deep convection was only present until ET completion 50% and 45% of the time for
quadrants II and III, respectively.
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A consistent timeline for the onset of ET and the period of transition was
revealed, and is presented in Table 3. The period of transition was defined as the time
between declaration of the onset of ET and the point at which ET was complete. The
period of transition for ET was 24 hours for 15% of cases, 18 hours for 60% of cases, 12
hours for 5% of cases, and 6 hours for 15% of cases. Determining the period of transition
was not possible in 5% of cases because it was not possible to conclude onset of ET for
Hurricane Noel (2001) due to lack of frontogesis. Completion of ET was declared 6 hours
before the NHC classified the transitioning storms as extratropical for 60% of the cases.
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Table 3
ET Transition Timeline.

4.1

Storm

Period of Transition

Hurricane Gordon
Hurricane Isaac
Hurricane Michelle
Hurricane Noel (2001)
Tropical Storm Aurthur
Hurricane Isidore
Tropical Storm Bill
Hurricane Isabel
Tropical Storm Odette
Hurricane Charley
Hurricane Frances
Tropical Storm Matthew
Tropical Storm Franklin
Hurricane Katrina
Hurricane Wilma
Tropical Storm Alberto
Tropical Storm Beryl
Hurricane Florence
Tropical Storm Barry
Hurricane Noel (2007)

18 hrs
18 hrs
18 hrs
n/a
18 hrs
24 hrs
18 hrs
12 hrs
18 hrs
6 hrs
6 hrs
6 hrs
18 hrs
18 hrs
18 hrs
24 hrs
18 hrs
18 hrs
18 hrs
18 hrs

Representative Examples for Analysis of ET Using IR Satellite Imagery
Two examples of ET that are representative of cases of ET evaluated using

infrared satellite imagery in this study, Hurricane Isidore (2002) and Tropical Storm Bill
(2003), are presented in sections 4.1 and 4.2, respectively. Both a hurricane and tropical
storm are presented to show that IR imagery analysis proves to be an accurate and
reliable forecast method for tropical cyclones of varying intensities. Imagery from the
remaining 18 cases is presented in Appendix A.
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4.2

Hurricane Isidore – September 2002
Hurricane Isidore completed extratropical transition over the eastern United States

in September of 2002 after making landfall near Louisiana. Figure 2 depicts key
indications of structural changes of the tropical cyclone, determined using IR satellite
imagery analysis, as it completed the process of extratropical transition.
The first indication that Isidore might begin the process of ET is seen as an
increase in latitudinal and longitudinal asymmetry due to the decrease of convection in
quadrants II and III and the elongation of the cloud band in quadrant I when comparing
channel 4 images at 1815 UTC on September 25 (Figure 2a) and 0645 UTC on
September 26 (Figure 2b), 42 hours and 30 hours before completion of ET, respectively.
Decreased, broken convection is seen in quadrants II and III because of subsiding dry,
stable air to the west wrapping around the storms’ center of circulation. Hurricane Isidore
is also appears to be interacting with the jet-stream to the north leading to a well defined
cloud band that is elongated to the northeast.
Increasing latitudinal asymmetry continues 18 hours before completion of ET in
both channel 2 and 4 images at 1815 UTC September 26, (Figure 2c) and (Figure 2d), as
subsidence continues to decrease convection in quadrants II and III. Consecutive images
(Figure 2a-d) show that the tropical cyclone is experiencing persistent increasing
latitudinal asymmetry, one of the requirements for determining onset of ET. In addition,
along with a persistent increase in latitudinal asymmetry, frontogenesis is also needed to
conclude onset of ET. Evidence of warm frontogenesis, caused by warm air advection in
the northeast quadrant of the storm, is observed in Figure 2c-d as a linear, continuous
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cloud band in quadrant I with a well-defined leading edge, indicating that the onset of
transition has begun. The cloud band in the previous image (Figure 2b) was broken in
appearance. Also, note that the majority of the transitioning storm’s cloud mass is located
in quadrants I and IV, which is evident in 90% of the cases of ET in this study.
Completion of ET for transitioning systems is defined by the loss of rounded,
deep central convection or the displacement of deep central convection to the east of
center. Images from channel 2 and 4, Figure 2e-f, show a lack of rounded, centered deep
convection signaling that the transitioning tropical cyclone is now a cold-core system and
no longer possesses the vertical temperature gradients or tropical energy to support deep
central, organized convection. The cyclone also has a visible structure akin to a baroclinic
leaf, adding further evidence of frontogenesis and the cyclone’s cold-core nature.
Therefore, Hurricane Isidore was classified as extratropical at 1215 UTC on September
27, 2002 and had a transformation period of 18 hours.
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Figure 2
Infrared satellite imagery analysis of ET of Hurricane Isidore (2002)
Note: (a) 1815 UTC 25 Sep – Ch 4, (b) 0645 UTC 26 Sep – Ch 4, (c) 1815 UTC 26 Sep –
Ch 2, (d) 1815 UTC 26 Sep – Ch 4, (e) 1215 UTC 27 Sep – Ch 2, and (f) 1215 UTC 27
Sep – Ch 4. Quadrant I refers to the northeast section of the storm, quadrant II the
southeast section, quadrant III the southwest section, and quadrant IV the northwest
section.
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4.3

Tropical Storm Bill – July 2003
Tropical Storm Bill exhibited similar structural changes during its progression of

extratropical transition to that of Hurricane Isidore, except for the appearance of cold
frontogenesis at the time of ET completion. The tropical storm was classified as
extratropical over the southeastern United States at 1800 UTC on July 2, 2003 by the
NHC. Indicators of structural changes used to determine the sequence of extratropical
transition of Bill using IR satellite imagery analysis are presented in Figure 3.
When images from 42 hours before ET completion (Figure 3a), 1815 UTC on
June 30, and 30 hours before completion of ET (Figure 3b), 0615 UTC on July 1, were
compared, signs of increasing latitudinal and longitudinal asymmetry were seen for
tropical storm Bill indicating that the tropical storm was now interacting with the midlatitude baroclinic environment to the west and being subjected to increased wind shear,
leading to increased longitudinal asymmetry, and dry air intrusion to the south. This, in
turn, led to decreased convection in quadrants II and III along with latitudinal asymmetry.
This provided evidence that the tropical cyclone is beginning the process of ET.
Twelve hours later an increase in latitudinal and longitudinal asymmetry was
visible in channel 2 and 4 images at 1815 UTC on July 1 (Figure 3c-d) as the cyclone
continued to move into the mid-latitude baroclinic environment. Warm frontogenesis is
also noticeable in Figure 3c-d due to warm air advection on the west side of the storm
caused by moist, unstable rising tropical air moving into the dry, stable air mass to the
north. Warm frontogenesis is recognizable by a linear, continuous cloud band with a
well-defined leading edge in quadrants I and IV providing confirmation that the tropical
cyclone has now begun extratropical transition.
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Completion of ET is seen at 1215 UTC on July 2 in images Figure 3e-f due to a
lack of rounded, deep convection at the center of the storm. A baroclinic leaf feature is
not seen in this case of ET as it was for Hurricane Isidore. Instead, the system has a
comma shaped appearance with cold frontogenesis noticeable as a cloud band in
quadrants II and III. The only remaining deep convection in the tropical storm is seen in a
portion of the cloud band in quadrant II indicating a strong frontal boundary caused by
the convergence of cold, dry air from the mid-latitudes to the west of the storm
interacting with remnant moist, unstable air to the east. Since the storm had clear
evidence of both warm and cold frontogenesis and no deep central convection, it was
clear that Bill was now an extratropical cyclone driven by horizontal temperature
gradients instead of vertical temperature gradients associated with tropical cyclones;
therefore, ET is considered complete. The period of transition between onset and
completion of ET for Tropical Storm Bill was 18 hours.

44

Figure 3
Infrared satellite imagery analysis of ET of Tropical Storm Bill (2003)
Note: (a) 1815 UTC 30 Jun – Ch 4, (b) 0615 UTC 01 Jul – Ch 4, (c) 1815 UTC 01 Jul Ch
2, (d) 1815 UTC 01 Jul Ch 4, (e) 1215 UTC 02 Jul – Ch 2, and (f) 1215 UTC 02 Jul – Ch
4. Quadrant I refers to the northeast section of the storm, quadrant II the southeast
section, quadrant III the southwest section, and quadrant IV the northwest section.

45

CHAPTER 5
CONCLUSIONS
Infrared (IR) satellite imagery was determined to be a useful tool for extratopical
transition analysis and provided a clear depiction of key structural changes occurring in
transforming tropical cyclones. The combined observations of asymmetry, cloud types,
frontogenesis, and the decrease and/or change in location of deep convection show a
pattern of extratropical development common to many transitioning cyclones in the
northern Atlantic Ocean basin. This study also proved that infrared satellite imagery
analysis can help augment and enhance the ability to accurately diagnose the onset,
progression, and completion of extratropical transition.

5.1

Infrared Satellite Imagery Analysis Guidelines for Diagnosing ET
Based on the recognition of structural changes in infrared satellite imagery

described in Section 4, a general outline detailing the onset, transformation stage, and
completion of extratropical transition is proposed. When forecasting extratropical
transition the features listed below should be taken into account:
•

Indication that a tropical cyclone will most likely begin ET: Eye wall deterioration
occurs, if an eye wall was present in the initial tropical system, and/or a notable,
persistent increase in latitudinal and/or longitudinal asymmetry for 24 hours. Eye
wall deterioration and increasing asymmetry indicate that the tropical cyclone is
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now interacting with the mid-latitude baroclinic environment. Dry air to the west
of the cyclone’s center is wrapping around the center of circulation and leading to
eye wall deterioration. Dry air to the west of the tropical system is also infiltrating
the cyclone and causing subsidence and decreasing convection in the western and
southern regions (quadrants II, III, and IV). The cyclone is beginning to elongate
to the east because it is moving into an area of increased wind shear and/or
interacting with the polar jet to the north.
•

Primary Indicator for Onset of Extratropical Transition: Continued increase in
latitudinal and/or longitudinal asymmetry and evidence of warm frontogenesis,
primarily in quadrant I and secondarily in quadrant IV, marked by a continuous,
linear cloud band with a well-defined northern edge. Warm frontogenesis is a
signal that warm air advection is occurring on the northeast side of the storm due
to the warm, moist tropical air mass meeting the cold, dry mid-latitude air mass
north of the cyclone. Increased wind shear and/or interaction with the polar jet
continues to elongate the cloud band to the east.

•

Secondary indicator for Onset of Extratropical Transition: Continued increase in
latitudinal and/or longitudinal asymmetry and cold frontogenesis, visible as a
well-defined cloud band and/or cloud lines in quadrants II and/or III. Cold
frontogenesis is considered secondary because it does not occur in all
transitioning tropical cyclones and if it does occur, often it will occur after warm
frontogenesis has already been detected. Cold frontogenesis marks a frontal
boundary to the southeast of the storm where the cold and dry, stable mid-latitude
air mass to the west of the storm is converging with the warm and moist, unstable
tropical air mass to the east, leading to convection.

•

Completion of Extratropical Transition: Centered, rounded deep convection
ceases entirely or is displaced well east of the center indicating that the
transitioning system is now cold-core and has no warm-core, tropical energy to
support deep, central convection. For the most part, centered deep convection has
the duration in quadrants I and/or IV. Often, a baroclinic leaf is discernable in
quadrants I and/or IV or the storm has a comma cloud appearance adding further
confirmation that the transitioning system is now a cold-core, extratropical
system.
Note that latitudinal and/or longitudinal asymmetry will generally begin 30 – 42

hours before completion of ET and continue throughout the transitioning storm’s life
cycle. Persistent, increasing latitudinal and/or longitudinal asymmetry is a key signal that
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a tropical cyclone has begun to interact with mid-latitude weather features and will most
likely begin the process of extratropical transition. As the tropical system transitions to an
extratropical system, the majority of the storm’s cloud mass will be increasingly north
and/or northeast of the grid center in quadrants I and IV, or almost completely in
quadrant I. Also, deep convection will substantially decrease in quadrants II and III.
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5.2

Summary and Discussion
In summary, the first, most notable indications that a tropical system will begin

the process of extratropical transition is eye wall deterioration, if an eye wall is present,
and/or a persistent increase in latitudinal and longitudinal symmetry. Eye wall
deterioration will occur between 48 and 42 hours before ET classification for the majority
of ET cases. Onset of extratropical transition will occur at 24 to 18 hours before
completion of extratropical transition for the majority of transitioning systems and is
marked primarily by discernible warm frontogenesis in quadrants I and/or IV along with
increasing latitudinal and/or longitudinal asymmetry or secondarily by cold frontogenesis
in quadrants II and/or III and increasing latitudinal and/or longitudinal asymmetry. The
criteria outlined above for determining onset of ET is consistent with onset definitions
provided by Harr and Elsberry (2000) and Evans and Hart (2003), for the Pacific and
Atlantic, respectively, which require sustained asymmetry and development of frontal
regions for declaration of ET onset.
Once onset of ET is determined, transformation will typically take 18 hours. This
time of transition corresponds with Evans and Hart’s (2003) findings for transitioning
tropical cyclones in the Atlantic. Their findings showed that the mean transition time was
18.4 hours.
The majority of transitioning cyclones analyzed were defined as completely
extratropical 6 hours prior to when the NHC classified the storms as extratropical. Again,
this was consistent with Hart and Evans’ (2003) study that found objective indicators
negative values of the storms’ thermal wind measures (- VLT or - VUT) for defining
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transitioning storms as extratropical were obtained -8.3 hours earlier than the NHC best
track ET classification.
The results found in this study also add validity to the need for a third category of
classification by the NHC, called transforming, suggested by Jones et al (2003) and the
statistical results from CA analysis using the CPS framework from Arnott et al (2004).
The current NHC classification system only defines storms as tropical or extratropical.
Further infrared satellite imagery analysis using the procedure and detailed
definitions for onset, transition, and completion of ET presented in this study is required
with a larger number of cases to add further proof to the validity of the study’s results.
The method and procedure presented should also be used to study cases of ET in other
basins since tropical cyclones occurring in other basins may have different patterns and
timelines for the extratropical transition process.
Detailed extratropical transformation analysis procedures using satellite imagery
analysis, along with standardized definitions for indicators of ET progression, onset of
ET, transformation stage, and completion of ET, should be encouraged. This would allow
researchers and forecasters to better tabulate events of extratropical transition in different
basins so that a detailed climatology with summaries and timelines of cases of ET could
be obtained and archived. Such climatologies would be useful to forecasters and may
promote the establishment of specific regional forecasting rules and guidelines. Some of
the knowledge gained from in-depth examination of cases of extratropical transition may
also be applicable and beneficial for forecasting tropical and extratropical weather events.
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APPENDIX A
INFRARED SATELLITE IMAGERY ANALYSIS FOR CASES OF ET
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Figure 4
Infrared satellite imagery analysis of ET of Hurricane Gordon (2000)
Note: (a) 0645 UTC 16 Sep – Ch 4, (b) 1815 UTC 16 Sep – Ch 4, (c) 1815 UTC 17 Sep –
Ch 2, (d) 1815 UTC 17 Sep – Ch 4, (e) 1215 UTC 18 Sep – Ch 2, and (f) 1215 UTC 18
Sep – Ch 4. Quadrant I refers to the northeast section of the storm, quadrant II the
southeast section, quadrant III the southwest section, and quadrant IV the northwest
section.
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Figure 5
Infrared satellite imagery analysis of ET of Hurricane Isaac (2000)
Note: (a) 1815 UTC 29 Sep – Ch 4, (b) 0645 UTC 30 Sep – Ch 4, (c) 1815 UTC 30 Sep –
Ch 2, (d) 1815 UTC 30 Sep – Ch 4, (e) 1215 UTC 01 Oct – Ch 2, and (f) 1215 UTC 01
Oct – Ch 4. Quadrant I refers to the northeast section of the storm, quadrant II the
southeast section, quadrant III the southwest section, and quadrant IV the northwest
section.
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Figure 6
Infrared satellite imagery analysis of ET of Hurricane Michelle (2001)
Note: (a) 1215 UTC 04 Nov – Ch 4, (b) 0015 UTC 05 Nov – Ch 4, (c) 1215 UTC 05 Nov
– Ch 2, (d) 1215 UTC 05 Nov – Ch 4, (e) 0615 UTC 06 Nov – Ch 2, and (f) 0615 UTC
06 Nov – Ch 4. Quadrant I refers to the northeast section of the storm, quadrant II the
southeast section, quadrant III the southwest section, and quadrant IV the northwest
section.
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Figure 7
Infrared satellite imagery analysis of ET of Hurricane Noel (2001)
Note: (a) 0015 UTC 05 Nov – Ch 4, (b) 1815 UTC 05 Nov – Ch 4, (c) 0015 UTC 06 Nov
– Ch 2, (d) 0015 UTC 06 Nov – Ch 4, (e) 0615 UTC 06 Nov – Ch 2, and (f) 0615 UTC
06 Nov – Ch 4. There was no discernible warm or cold frontogenesis. The hurricane did
experience a persistent increase in asymmetry and loss of deep centered convection 6
hours prior to that of the NHC classification of the storm at extratropical. Figure 7 (a-b)
depicts the persistent increase in latitudinal and longitudinal asymmetry. Figure 7 (e-d)
shows the loss of deep centered convection as compared to Figure 7 (c-d). Quadrant I
refers to the northeast section of the storm, quadrant II the southeast section, quadrant III
the southwest section, and quadrant IV the northwest section.
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Figure 8
Infrared satellite imagery analysis of ET of Tropical Storm Aurthur (2002)
Note: (a) 0015 UTC 15 Jul – Ch 4, (b) 1215 UTC 15 Jul – Ch 4, (c) 0015 UTC 16 Jul –
Ch 2, (d) 0015 UTC 16 Jul – Ch 4, (e) 1815 UTC 16 Jul – Ch 2, and (f) 1815 UTC 16 Jul
– Ch 4. Evidence of cold frontogenesis occurred before that of warm frontogenesis and
was used to indicate onset of ET. Quadrant I refers to the northeast section of the storm,
quadrant II the southeast section, quadrant III the southwest section, and quadrant IV the
northwest section.
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Figure 9
Infrared satellite imagery analysis of ET of Hurricane Isabel (2003)
Note: (a) 0015 UTC 18 Sep – Ch 4, (b) 1815 UTC 18 Sep – Ch 4, (c) 0015 UTC 19 Sep –
Ch 2, (d) 0015 UTC 19 Sep – Ch 4, (e) 1215 UTC 19 Sep – Ch 2, and (f) 1215 UTC 19
Sep – Ch 4. Quadrant I refers to the northeast section of the storm, quadrant II the
southeast section, quadrant III the southwest section, and quadrant IV the northwest
section.
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Figure 10
Infrared satellite imagery analysis of ET of Tropical Storm Odette (2003)
Note: (a) 0615 UTC 05 Dec – Ch 4, (b) 0615 UTC 06 Dec – Ch 4, (c) 1815 UTC 06 Dec
– Ch 2, (d) 1815 UTC 06 Dec – Ch 4, (e) 1215 UTC 07 Dec – Ch 2, and (f) 1215 UTC 07
Dec – Ch 4. Quadrant I refers to the northeast section of the storm, quadrant II the
southeast section, quadrant III the southwest section, and quadrant IV the northwest
section.

62

Figure 11
Infrared satellite imagery analysis of ET of Hurricane Charley (2004)
Note: (a) 1215 UTC 13 Aug – Ch 4, (b) 0615 UTC 14 Aug – Ch 4, (c) 1815 UTC 14 Aug
– Ch 2, (d) 1815 UTC 14 Aug – Ch 4, (e) 0015 UTC 15 Aug – Ch 2, and (f) 0015 UTC
15 Aug – Ch 4. Evidence of cold frontogenesis was used to indicate onset of ET.
Quadrant I refers to the northeast section of the storm, quadrant II the southeast section,
quadrant III the southwest section, and quadrant IV the northwest section.
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Figure 12
Infrared satellite imagery analysis of ET of Hurricane Frances (2004)
Note: (a) 0015 UTC 08 Sep – Ch 4, (b) 1215 UTC 08 Sep – Ch 4, (c) 0015 UTC 09 Sep –
Ch 2, (d) 0015 UTC 09 Sep – Ch 4, (e) 0645 UTC 09 Sep – Ch 2, and (f) 0645 UTC 09
Sep – Ch 4. Quadrant I refers to the northeast section of the storm, quadrant II the
southeast section, quadrant III the southwest section, and quadrant IV the northwest
section.
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Figure 13
Infrared satellite imagery analysis of ET of Tropical Storm Matthew (2004)
Note: (a) 0615 UTC 09 Oct – Ch 4, (b) 0615 UTC 10 Oct – Ch 4, (c) 1815 UTC 10 Oct –
Ch 2, (d) 1815 UTC 10 Oct – Ch 4, (e) 0015 UTC 11 Oct – Ch 2, and (f) 0015 UTC 11
Oct – Ch 4. Evidence of cold frontogenesis was used to indicate onset of ET. Quadrant I
refers to the northeast section of the storm, quadrant II the southeast section, quadrant III
the southwest section, and quadrant IV the northwest section.
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Figure 14
Infrared satellite imagery analysis of ET of Tropical Storm Franklin (2005)
Note: (a) 0015 UTC 28 Sep – Ch 4, (b) 1215 UTC 28 Sep – Ch 4, (c) 0015 UTC 29 Sep –
Ch 2, (d) 0015 UTC 29 Sep – Ch 4, (e) 1815 UTC 29 Sep – Ch 2, and (f) 1815 UTC 29
Sep – Ch 4. Quadrant I refers to the northeast section of the storm, quadrant II the
southeast section, quadrant III the southwest section, and quadrant IV the northwest
section.
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Figure 15
Infrared satellite imagery analysis of ET of Hurricane Katrina (2005)
Note: (a) 0615 UTC 29 Aug – Ch 4, (b) 0015 UTC 30 Aug – Ch 4, (c) 0615 UTC 30 Aug
– Ch 2, (d) 0615 UTC 30 Aug – Ch 4, (e) 0015 UTC 31 Aug – Ch 2, and (f) 0015 UTC
31 Aug – Ch 4. Quadrant I refers to the northeast section of the storm, quadrant II the
southeast section, quadrant III the southwest section, and quadrant IV the northwest
section.
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Figure 16
Infrared satellite imagery analysis of ET of Hurricane Wilma (2005)
Note: (a) 0015 UTC 24 Oct – Ch 4, (b) 1215 UTC 24 Oct – Ch 4, (c) 0615 UTC 25 Oct –
Ch 2, (d) 0615 UTC 25 Oct – Ch 4, (e) 0015 UTC 26 Oct – Ch 2, and (f) 0015 UTC 26
Oct – Ch 4. Quadrant I refers to the northeast section of the storm, quadrant II the
southeast section, quadrant III the southwest section, and quadrant IV the northwest
section.
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Figure 17
Infrared satellite imagery analysis of ET of Tropical Storm Alberto (2006)
Note: (a) 1215 UTC 12 Jun – Ch 4, (b) 0015 UTC 13 Jun – Ch 4, (c) 1215 UTC 13 Jun –
Ch 2, (d) 1215 UTC 13 Jun – Ch 4, (e) 1215 UTC 14 Jun – Ch 2, and (f) 1215 UTC 14
Jun – Ch 4. Quadrant I refers to the northeast section of the storm, quadrant II the
southeast section, quadrant III the southwest section, and quadrant IV the northwest
section.

69

Figure 18
Infrared satellite imagery analysis of ET of Tropical Storm Beryl (2006)
Note: (a) 1815 UTC 19 Jul – Ch 4, (b) 1215 UTC 20 Jul – Ch 4, (c) 1815 UTC 20 Jul –
Ch 2, (d) 1815 UTC 20 Jul – Ch 4, (e) 1215 UTC 21 Jul – Ch 2, and (f) 1215 UTC 21 Jul
– Ch 4. Quadrant I refers to the northeast section of the storm, quadrant II the southeast
section, quadrant III the southwest section, and quadrant IV the northwest section.
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Figure 19
Infrared satellite imagery analysis of ET of Hurricane Florence (2006)
Note: (a) 1215 UTC 10 Sep – Ch 4, (b) 0015 UTC 11 Sep – Ch 4, (c) 0015 UTC 12 Sep –
Ch 2, (d) 0015 UTC 12 Sep – Ch 4, (e) 1815 UTC 12 Sep – Ch 2, and (f) 1815 UTC 12
Sep – Ch 4. Quadrant I refers to the northeast section of the storm, quadrant II the
southeast section, quadrant III the southwest section, and quadrant IV the northwest
section.
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Figure 20
Infrared satellite imagery analysis of ET of Tropical Storm Barry (2007)
Note: (a) 0015 UTC 01 Jun – Ch 4, (b) 1215 UTC 01 Jun – Ch 4, (c) 0015 UTC 02 Jun –
Ch 2, (d) 0015 UTC 02 Jun – Ch 4, (e) 1815 UTC 02 Jun – Ch 2, and (f) 1815 UTC 02
Jun – Ch 4. Evidence of cold frontogenesis, Figure 20 (c-d), was used to indicate onset of
ET. Quadrant I refers to the northeast section of the storm, quadrant II the southeast
section, quadrant III the southwest section, and quadrant IV the northwest section.
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Figure 21
Infrared satellite imagery analysis of ET of Hurricane Noel (2007)
Note: (a) 0015 UTC 01 Nov – Ch 4, (b) 1215 UTC 01 Nov – Ch 4, (c) 0015 UTC 02 Nov
– Ch 2, (d) 0015 UTC 02 Nov – Ch 4, (e) 1815 UTC 02 Nov – Ch 2, and (f) 1815 UTC
02 Nov – Ch 4. Quadrant I refers to the northeast section of the storm, quadrant II the
southeast section, quadrant III the southwest section, and quadrant IV the northwest
section.
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